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CANISTER DESIGN FOR DEEP BOREHOLE DISPOSAL OF NUCLEAR WASTE 
By Christopher Ian Hoag 
 
Submitted to the Department of Nuclear Engineering on May 12th, 2006 in partial fulfillment of the 
requirements for the degree of Master of Science in Nuclear Science and Engineering 
Abstract 
The objective of this thesis was to design a canister for the disposal of spent nuclear 
fuel and other high-level waste in deep borehole repositories using currently available and 
proven oil, gas, and geothermal drilling technology.  The canister is suitable for disposal of 
various waste forms, such as fuel assemblies and vitrified waste.   The design addresses real 
and perceived hazards of transporting and placing high-level waste, in the form of spent reactor 
fuel, into a deep igneous rock environment with particular emphasis on thermal performance. 
The proposed boreholes are 3 to 5 km deep, in igneous rock such as granite.  The rock 
must be in a geologically stable area from a volcanic and tectonic standpoint, and it should 
have low permeability, as shown in recent data taken from a Russian deep borehole.  Although 
deep granite should remain dry, water in flooded boreholes is expected to be reducing, but 
potentially corrosive to steel.  However, the granite and plug are the containment barrier, not 
the canister itself. 
The canisters use standard oil drilling casings.  The inner diameter is 315.32mm in 
order to accommodate a PWR assembly with a width of 214mm.  At five meters tall, each 
canister holds one PWR assembly.  The canister thickness is 12.19mm, with an outer diameter 
of 339.7mm.  A liner can extend to the bottom of the emplacement zone to aid in retrievability.  
The liner has an outer diameter of 406.4mm and a thickness of 9.52mm.  The standard drill bit 
used with a liner of this size has an outer diameter of 444.5mm. 
Sample calculations were performed for a two kilometer deep emplacement zone in a 
four kilometer deep hole for the conservative case of PWR fuel having a burnup of 60,000 
MWd/kg, cooled ten years before emplacement.  Tensile and buckling stresses were calculated, 
and found to be tolerable for a high grade of steel used in the drilling industry.  In the thermal 
analysis, a maximum borehole wall temperature of 240oC is computed from available 
correlations and used to calculate a maximum canister centerline temperature of 337oC, or 
319oC if the hole floods with water.  Borehole repository construction costs were calculated to 
be on the rate of 50 $/kg spent fuel, which is competitive with Yucca Mountain construction 
costs.  Recommendations for future work on the very deep borehole concept are suggested in 
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1.1 Objective of the Thesis 
The objective of this thesis is to design a canister for the disposal of spent nuclear fuel 
and other high-level waste in deep borehole repositories.  The canister is suitable for disposal 
of various waste forms, such as fuel assemblies and vitrified waste.   The design addresses real 
and perceived hazards of transporting and placing high-level waste, in the form of spent reactor 
fuel, into a deep igneous rock environment.  The thermal performance of the design is 
emphasized. 
To provide an option for second generation repositories at a competitive cost, the 
canister reference design is based on standard oil drilling technology.  Calculations are 
conducted to assess stresses in the waste string and granite, temperatures and thermal gradients, 
sensitivity of thermal calculations to variables, and cost.  Recommendations are made for 
future work. 
1.2 Overview of the Deep Borehole Concept  
Nuclear power has the potential to make a dramatic improvement in the earth’s 
environment by providing large amounts of energy without producing CO2 or other harmful 
gases.  But one of the greatest challenges to the nuclear industry is how to dispose of the 
nuclear waste.  Isotopes in the decay chain of uranium and plutonium, and several long lived 
fission products, can potentially be harmful for over a million years.  The current repository 
design at Yucca Mountain relies principally on manmade barriers to prevent those 
radioisotopes from reaching water supplies, crops, and air.  These manmade barriers, combined 
with the natural barriers of Yucca Mountain, must assure protection for over 100,000 years, 
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based on models having a high degree of uncertainty, including the potential for volcanic 
activity (Yucca Mountain is in fact in a volcanically active region).  The very deep borehole 
concept relies on the ability of the granite to contain the waste, as evidence from a Russian 
deep borehole shows.1   
Even if Yucca Mountain is built, it is legislatively limited to 70,000 metric tons of 
heavy metal (MTHM).  If existing reactors operate for the extent of their licenses, there will be 
over 80,000 MTHM of waste, which means it is already oversubscribed.2  Furthermore, the 
Bush administration is pushing to expand the nuclear power industry in order to mitigate some 
of the effects of greenhouse gases on global warming, which will significantly increase the 
need for repository capacity.   
Due to continuing advances in the oil and gas drilling industry, the idea of placing 
nuclear waste in three to five kilometer deep boreholes in igneous rock shows great promise for 
a final repository.  Drilling companies are becoming more proficient at drilling deep (over 
10km), drilling through hard rock, and drilling larger diameter holes.  With more experience 
also comes more knowledge of the geologic environment at depth.  These recent developments 
provide the base of information necessary to develop a preliminary canister design. 
Drilling through granite is already being done for geothermal energy.  The rock desired 
for geothermal wells is very similar to that desired for a nuclear waste repository, with one 
exception.  Geothermal wells require fractured granite to allow water to pass from one hole to 
another as it is heated.  In a waste repository, fractures are undesirable because they allow the 
migration of radionuclides.  A five kilometer deep geothermal well has been drilled in Soultz, 
France, proving the necessary drilling capability exists.3 
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A deep borehole for disposal of nuclear waste will be very similar to an oil well or 
geothermal well, with multiple layers of casing near the surface where the ground is unstable 
and likely to cave in.  At depth, in a solid block of granite, the borehole could be either lined or 
unlined.  The waste canisters can be lowered by cable, or as part of a drill pipe.  Once the 
canisters are in place, the casings near the surface can be left in place or removed, but the hole 
needs to be plugged, to close the direct pathway between the decaying waste and the 
atmosphere.  The hole can be plugged immediately with a temporary plug, to ease recovery of 
the waste in case a better use for it is found, or in case a different disposal method is desired; 
however, a permanent plug should eventually be emplaced, due to the length of time during 
which the waste will be hazardous. 
However, before drilling can start a site must be selected.  An ideal site would have an 
unfractured granite shelf extending in depth from within one kilometer of the earth’s surface 
down to at least four kilometers deep.  A site with granite within one kilometer of the surface is 
not an exact requirement, but allows a four kilometer deep hole to have two kilometers of 
waste emplacement and one kilometer of plugging within the granite.  Unfractured granite in a 
geologically stable zone provides a natural barrier to migration of radionuclides which is 
potentially far superior to any man-made barriers.  Structural and Tectonic Principles by Peter 
C. Bradley4 contains some useful maps of the granite lithology of North America.  Figure 1-1 
is a tectonic map covering most of North America.  Note that there is an area in the vicinity of 
North Dakota (93oW 43oN) labeled “stable shelf.”  Figure 1-2 is a map of fault lines in North 
America.  Notice the lack of fault lines in North Dakota and South Dakota.  Figure 1-3 shows 
that the granite formation in North Dakota occurred about two billion years ago.  Figure 1-4 
combines the data from Figure 1-2 and Figure 1-3 and labels the stable precambrian shelf 
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below North Dakota as “Superior Province.”  The various shaded areas of Figure 1-4 indicate 
the age of the Precambrian basement in billions of years, matching the age measurements of 
Figure 1-3.  These maps illustrate a possible site for a very deep borehole repository.  Upon 
more detailed inspection, sites other than North Dakota may also be found.  Even though North 
Dakota appears suitable from a geologic standpoint, it is difficult politically to obtain approval 




Figure 1-1 Tectonic Map of Eastern North America and Northern South America4 
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Figure 1-2 Fault Lines in North America4 
15 
 
Figure 1-3 Sites of Measured Granite-Forming  Events Over a Billion Years Old4 
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Figure 1-4 Precambrian Mineral Date Provinces of North America4 
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1.3 Literature Review 
In December of 1983, a thorough technical report, Very Deep Hole Systems 
Engineering Studies, was published by Woodward-Clyde Consultants for the Office of Nuclear 
Waste Isolation5.  This report first described the concept, and analyzed the thermal impacts, 
containment and isolation, site qualification, a waste package system, the repository system, 
depth criteria, surface facilities, borehole design, emplacement facilities, plugs, monitoring, 
costs, and an engineering program plan.  As thorough as this report is, it does not have a 
thermal analysis of the waste packages. 
Over a decade ago, Weng-Sheng Kuo wrote a thesis on the feasibility of deep borehole 
disposal, and found the concept to be promising based on data prior to 1992.6  Advances since 
then have the potential to make it even more economical.  For example, the ability to steer 
drilling and to drill multiple holes from one rig could greatly reduce drilling costs as well as 
reduce the number of potential pathways for radionuclides to return to the surface.   
Victoria Anderson wrote a relevant thesis in 2002 on the deep borehole chemical 
environment.7  Professors Driscoll, Lester, and others in the Nuclear Science and Engineering 
Department at the Massachusetts Institute of Technology (MIT), researchers at US national 
laboratories, and Professor Gibb8 in the UK continue to carry out research in support of the 
deep borehole disposal concept. 
1.4 Scope of the Problem 
The following sections discuss aspects which should be considered in the design 
process. 
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1.4.1 Disposal Canister Production 
Canister production refers to the process of placing the waste inside the canister.  The 
canister transitions from a cool non-irradiated state to a warm irradiated state.  The canister 
may expand and change the way the waste is seated in the canister. 
Also, in the case of spent fuel assemblies the waste is very fragile, and needs a smooth 
and gentle transition into the canister.  In a shielded area, automated or remotely operated 
machinery will remove the fuel assemblies from the shipping casks and place them into the 
canister casings.  End caps will be welded to the end of the casings using automated resistance 
or e-beam welding to ensure a high quality weld.   
Canister production should be revisited after a design and materials are chosen.  
Depending on the metals used there may be some aspects of fabrication which will have an 
effect on the performance of the canister. 
1.4.2 Transportation / Accidents 
Ohio State University has the following information available on its website.9  There 
are three federal agencies which have published regulations governing the transport of nuclear 
waste in the United States: the Department of Transportation (DOT), the Nuclear Regulatory 
Commission (NRC), and the Environmental Protection Agency (EPA).   
DOT regulations specify requirements for hazardous materials.  The following are 
applicable DOT regulations for the shipment of radioactive waste: 
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The NRC has established licensing requirements for radioactive waste facilities and for 
the packaging and shipping of radioactive waste.  The NRC also sets limits on the annual 
radiation exposure allowed at the boundary of radioactive waste disposal facilities.  NRC 
regulations also state that exposure to radiation should always be kept as low as reasonably 
possible.  The following is a list of NRC regulations applicable to transport of radioactive 
waste to a radioactive waste disposal facility: 
Table 1-1. Department of Transportation Regulations for Nuclear Waste 
49 CFR 171 General information, regulations, and definitions 
49 CFR 172 
Hazardous materials table, special provisions, hazardous materials 
communications requirements, and emergency response information 
requirements 
49 CFR 173 General requirements for shipment and packaging 
49 CFR 174 
to 179 
Requirements for shipments by various means (truck, rail, ship, etc.) 
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Table 1-2. Nuclear Regulatory Commission Regulations for Nuclear Waste 
10 CFR 19 
Requirements for training of radiation workers and inspections of licensed 
facilities 
10 CFR 20 Limits on radiation doses and concentrations of radioactive materials 
10 CFR 51 
Environmental protection regulations applicable to facilities licensed by 
the Nuclear Regulatory Commission 
10 CFR 61 Requirements for low-level radioactive waste disposal facilities 
10 CFR 71 
Requirements for packaging and transportation of radioactive materials; 
standards for Nuclear Regulatory Commission approval of packaging and 
shipping procedures 
The EPA regulations set limits on radiation doses allowed for members of the public 
and the amount of radioactive material introduced by nuclear facilities into the environment.  
The following are the EPA regulations: 
Table 1-3. Environmental Protection Agency Regulations for Nuclear Waste 
40 CFR 190 Limits on radiation doses to the public 
40 CFR 193 
Radiation protection standards for low-level radioactive waste 
disposal (not yet released) 
Fortunately, transportation casks for spent fuel have already been approved, built, and 
used as shown in Figure 1-5.  The remaining question is whether to transport the assemblies 
prior to placing them in the permanent disposal canisters, which would allow use of the current 
designs for transportation casks; or, place the fuel assemblies into the final disposal canisters 
21 
prior to transport.  Placing the assemblies into the disposal canisters prior to transport would 
require a redesign of the basket in the transportation casks, and would result in less efficient 
use of the limited volume in the transportation casks.  In addition to the information, tables, 
and diagrams found on the Ohio State University Website, a specific centerline temperature for 
transportation and storage of fuel is provided in a paper by Manteufel.10  That maximum 
centerline temperature is 380oC. 
The decision about whether to place the fuel assemblies in disposal canisters prior to 
shipment is a current issue at the Department of Energy.  Nucleonics Week recently reported 
that a new DOE plan “shifts the canister loading onus to the utilities.”11  Since either approach 
could be employed for the very deep borehole concept, this analysis will not attempt to down-
select either option. 
Another possible advantage to disposing of nuclear waste in deep boreholes is that for 
some waste, transport may not be necessary.  If the rock below a power plant is suitable for a 
nuclear waste borehole, the hole could be drilled on site.  However, licensing of individual 
holes at multiple locations would drive up the cost of disposal per ton, making this unlikely 








Generic Truck Cask for Spent Fuel 
Typical Specifications 
Gross Weight (including fuel):  50,000 pounds (25 tons) 
Cask Diameter:  4 feet 
Overall Diameter (including Impact Limiters):  6 feet 
Overall Length (including Impact Limiters):  20 feet 







Generic Rail Cask for Spent Fuel 
Typical Specifications 
Gross Weight (including fuel):  250,000 pounds (125 tons) 
Cask Diameter:  8 feet 
Overall Diameter (including Impact Limiters): 11 feet 
Overall Length (including Impact Limiters):  25 feet 
Capacity: Up to 26 PWR or 61 BWR fuel assemblies 
 
Figure 1-5. Typical Spent Fuel Transportation Casks 
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1.4.3 Terrorist Attack 
Terrorist attacks are a serious concern in today’s world.  Many fear that explosives 
applied to a nuclear waste canister could spread radioactive material over a significant area 
causing localized panic and civil unrest in addition to the trauma and fatalities due to the 
explosion itself.  Immediate death from radiation, however, is not likely.  Transportation of 
nuclear materials already occurs on a regular basis.  Precautions are taken to ensure safe 
transportation, as outlined in the Code of Federal Regulations. 
Burying waste deep underground makes access to the waste much more difficult for 
those who intend to use the material unlawfully.  In a mined repository, should the criminals 
breach the security, they might be able to drive a vehicle into the mine where they could work 
on retrieving the waste while out of sight.  In order to retrieve waste from a borehole, however, 
criminals would need months to construct a drilling platform and they would have to do this in 
plain sight. 
1.4.4 Emplacement Process 
As the waste string is lowered into the borehole, each section of casing will have to be 
attached remotely, in a shielded area.  At the emplacement stage, the borehole has already been 
drilled.  With a final casing extending to the bottom of the hole, the waste string should move 
smoothly into the borehole.  Should the waste string become stuck, then a retrieval process 
would begin.   
The Woodward-Clyde technical report5 provides some illustrations of a proposed 
emplacement process for very deep boreholes.  Figure 1-6 shows a proposed layout for an 
emplacement facility at a deep borehole.  This facility can serve multiple holes along a single 
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rail line, or even multiple rail lines running to an array of boreholes.  Figure 1-7 shows more 
detail of the A-frame style emplacement rig.  Under the derrick is a special rail car designed for 
transporting the waste from a truck, and positioning it above the borehole.  Figure 1-8 shows a 
transport truck transferring a cask to the rail car.  Figure 1-9 shows the waste canister 
positioned for lowering into a borehole, with shielding and cameras for aligning the canister 
remotely.  Figure 1-10 shows more detail of the emplacement rig basement. 
The emplacement process shown here requires a special transport cask with doors at 
each end.  Transport casks like those shown in Figure 1-5 may only have an opening at one 
end, and they certainly do not have the sliding doors shown in the following figures; however, 
with some modification to the emplacement equipment, currently licensed transport casks 
could be used.  While the design or redesign of the emplacement process is beyond the scope 
of this thesis, it is important to understand the complexities of the process, as emplacement 
operations account for a large portion of the cost of a repository. 
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Figure 1-6 Layout of Emplacement Facility5 
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Figure 1-7 Schematic of Waste Emplacement Rig5 
27 
 
Figure 1-8 Transfer of a Transport Cask from Truck to Rail5 
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Figure 1-9 Alignment of Waste Canister for Lowering into the Hole5 
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Figure 1-10 Emplacement Rig Basement5 
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1.4.5 Short & Long Term Environment of the Borehole 
The ideal environment for a disposal borehole would have dry unfractured granite 
within one kilometer of the Earth’s surface, and remaining unfractured to a depth of at least 
four kilometers.  The following is a list of properties for granite (type of granite in 
parentheses): 
Table 1-4. Representative Properties of Granite 
Composition (by wt%): 74.1 SiO2, 0.43 TiO2, 11.9 Al2O3, 1.63 Fe2O3, 1.80 FeO, 0.16 MnO, 
0.27 MgO, 0.39 CaO, 4.76 Na2O, 4.57 K2O, 0.03 P2O 12 
Property Value (Type of Granite) 
Density, ρ:    2.7 to 2.8 g / cm3  (Various) 13 
Porosity, Φ:  0.2 to 4% (Various) 12 
Specific heat, Cp: ~790 J / kg oK  (Various) 14 
Thermal conductivity, k: 2.4 to 3.8 W / m oK  (Various) 15 
Thermal diffusivity, κ: 0.00741 to 0.011 cm2 / sec (Various) 
Poisson’s ratio, ν: 0.10  (Barre) 16 
Young’s modulus, E: 3.04 x 1010 Pa (Barre) 16 
Shear modulus, μ: 1.38 x 1010 Pa (Barre) 16 
Bulk modulus, K: 1.26 x 1010 Pa  (Barre) 16 
Compression strength, C0: 60 to 180 MPa (Various) 17 
Laboratory measured permeability, Kp: 10-4.1 to 10-9 darcy  (Various) 18 
Melting temperature, Tm: 650° to 1100°C (Various)19 
Emissivity, ε: 0.45 (Unknown)20 
 Anderson’s thesis7 describes, in detail, the chemistry of water in deep granite as being 
reducing, with a pH of 8.5 to 9, and a likely Eh of -0.3 volts.  While many pure metals show 
resistance to corrosion in these conditions, iron does not.  Some steels would also be 
susceptible to environmentally induced corrosion cracking.  Although the waste canisters could 
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be plated with copper (the most promising metal for corrosion resistance), this is not necessary, 
since granite has been shown by, natural analogs21, to prevent migration of metallic nuclides.   
Research at Sweden’s Aspo Hard Rock Laboratory22 has found microbial life in deep 
rocks.  Some of the bacteria may accelerate corrosion by producing sulfides.  Other bacteria 
may greatly reduce the corrosion rate by removing oxygen from the environment.  A third 
function the microbes may perform, after the canisters and fuel cladding corrode through, is to 
slow the migration of metallic nuclides by binding the metal particles to the rock. 
 The down-hole environment is most likely to be dry due to the low permeability of 
granite.  The ambient temperature of the rock at the bottom of the hole should be above the 
boiling point of water at atmospheric pressure.  Upon emplacement of the waste, the 
temperature will quickly rise high enough to evaporate moisture in the entire emplacement 
zone; however, if the hole is completely flooded, the hydrostatic pressure is enough to prevent 
boiling.  Once the hole is permanently plugged, it could maintain lithostatic pressure, which is 
far greater than hydrostatic pressure.  Thus, any water leaking in at lithostatic pressure would 
remain in the liquid phase, so both dry and wet environments are possible. 
In the long term, the environment should remain unchanged, except for the temperature.  
The site should be selected in an area that has a million year history of no tectonic or volcanic 
activity capable of fracturing the granite. 
1.4.6 Retrievability 
Current law requires radioactive waste be retrievable for at least 50 years after first 
emplacement at Yucca Mountain, and the waste must be retrievable until closure, which may 
be more than 300 years after first emplacement.23 However, retrievability is not well defined.  
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Deep boreholes provide a good balance of retrievability and irretrievability.  Retrievability 
provides the assurance that waste can be relocated if a better use or disposal method is 
discovered or required.  Irretrievability provides security that the radioactive material will stay 
out of the hands of those who would use it for undesirable purposes.   
There are various options to provide different levels of retrievability from deep 
boreholes.  For the highest level of retrievability, a “final casing” can be placed in the hole, 
extending to the bottom.  This final casing will act as a liner to prevent the “waste string” (the 
drill pipe containing the waste) from becoming stuck in the hole.  The top part of the hole 
could remain unplugged for the first century after emplacement.  However, leaving the hole 
unplugged may increase the corrosion rate on the waste string.  This thesis will explore a 
design with a final casing extending to the full depth of the hole. 
Should retrieval be necessary and the waste string is stuck, the hole can be over-drilled 
or a parallel retrieval hole could be drilled using well-developed oil field technology.  In any 
case, retrievability will always be possible, although it may cost more than retrieval from a 
mined repository like Yucca Mountain. 
1.5 Arrangement of the Thesis 
The problem of disposing of nuclear waste is not simple.  Approving and building a 
repository is challenging both politically and scientifically.  The permanent repository must 
prevent hazardous levels of radiation from reaching the biosphere for up to a million years.  At 
the time of emplacement the waste is so hazardous that it must be handled remotely.  The 
waste must be transported in casks capable of surviving catastrophic highway and rail 
accidents.  Special drilling derricks must be constructed to allow positioning of the waste, and 
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remote handling.  After emplacement the environment surrounding the waste may change over 
the required decay time.  An originally dry hole may partially or completely flood.  Despite the 
technically complex process of emplacing the waste and the possibility of a changing 
environment, the best quality of the very deep borehole concept is that it relies on the proven 
capability of the host granite to maintain stability and prevent migration of nuclides for over a 
million years.  And, should retrieval be necessary, it is possible, yet difficult enough to make it 
unlikely that the waste will fall into the hands of those who would use it against society. 
1.5.1 Canister Reference Design 
Before analyzing the canister design, the details of the design must be specified.  
Chapter 2 discusses the initial considerations and resulting reference design to be analyzed 
throughout the thesis.  The initial considerations address:  waste forms, design basis, depth of 
the borehole, required diameter, canister height, borehole casing, and tensile and compressive 
stress.   
1.5.2 Stress Analysis 
Chapter 3 is a detailed analysis of the tensile and compressive stresses of the waste 
string during the emplacement process, and thermal stress on the borehole wall.  The stress 
analysis must be performed prior to the thermal analysis since strength requirements for the 
waste string affect the thickness of the canisters.  However, packing material requirements are 
driven by the thermal calculations and the density of the packing material affects the mass and 
stress of the waste string. 
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1.5.3 Thermal Analysis 
The main focus of this thesis is on the thermal analysis of the interior of the borehole.  
Chapter 4 describes the iterative calculations required to perform accurate thermal calculations 
using physical laws and correlations.  Calculation of the canister center line temperature is 
broken down into steps corresponding to the layers of material in the borehole:  an outer air 
gap, a liner casing, an inner air gap, the canister casing, and the homogenized canister contents.  
After establishing a method for calculating the temperatures in the canister, a parametric 
analysis is performed on key variables that affect the temperatures in the canister.   
1.5.4 Economic Analysis 
For the very deep borehole concept to be considered a viable option, an economic 
analysis must show that it is economically competitive with other options.  Chapter 5 combines 
a previous cost analog with a recently developed depth-dependent drilling cost index to 
estimate the cost of a single borehole.  The single borehole cost is multiplied by the number of 
boreholes for a conservative estimate of a repository construction cost.  The very deep borehole 
repository construction cost estimate is compared to the construction cost estimate for Yucca 
Mountain. 
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2 REFERENCE DESIGN SELECTION 
2.1 Introduction 
In 1983, the Battelle Memorial Institute released a report defining a reference “deep 
drillhole” (DH) concept.5  This report evaluated the feasibility of the DH system and the 
estimated cost at that time.  The Battelle report is summarized in Kuo’s thesis6, and provides a 
good reference design for beginning the canister design.  A reference borehole design was also 
proposed by I. S. Roxburgh in a book published in 1987, called Geology of High-Level 
Nuclear Waste Disposal: An Introduction.24  Both of these designs appear to be based on 
geothermal wells which use larger than standard diameter casings.  Furthermore, the inner 
diameter of the canisters is larger than necessary for a PWR assembly. 
2.2 Initial Considerations 
2.2.1 Waste Forms 
While several waste forms exist, such as various types and sizes of assemblies, and 
vitrified glass or synthetic rock, this thesis focuses mainly on existing US PWR assemblies.  
(For the case of vitrified glass and Synroc, Calvin Sizer is concurrently writing a thesis at MIT 
on the loading limits for these waste forms for disposal in a very deep borehole repository.)  
For the present study, the Westinghouse 17X17 pin fuel assembly was chosen.  See Appendix 
A for details on the Westinghouse PWR assemblies.  Figure 2-1 shows the decay power of one 
metric ton initial heavy metal from a 5% enrichment 17X17 pin fuel assembly with 60,000 
MWday/MTU burnup over three power cycles at 85% operation at 80% power and ten years of 
cooling, calculated using the SCALE5 and OrigenArp code.  These numbers are not 
representative of a typical assembly currently in storage, but are intended to produce 
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conservatively high power values for design purposes; however, the basic geometric properties 
of the assembly cover most commercial PWR assembly designs.25  Decay heat in watts is 
approximately proportional to fuel burnup, and cooling time in years is to the -0.75 power.  
PWR fuel assemblies in the United States, which are about four meters tall, have average 
burnups between 18 and 40 GWd/MTU for assemblies with at least ten years of cooling.26  
Thus all assemblies with at least ten years of cooling have linear powers less than 250 W/m. 
 
Figure 2-1 Decay Power of a 17X17 Pin Fuel Assembly 
At ten years cooling, the total power for one metric ton of uranium is about 2,000 watts.  
Since a PWR assembly has about half a metric ton of uranium, the power per assembly is about 
a kilowatt, and the linear power is about 250 W/m for a four meter tall assembly.  This value is 
rounded up to 300 W/m for an added degree of conservatism in the reference calculations. 
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2.2.2 Design Basis 
The baseline design in this thesis is similar, but not exactly the same as the Battelle or 
Roxburgh designs.  It uses standard oil drilling casing sizes, and proposes using an oil-type 
drill string for the actual canisters.  By using standard drilling technology, research and 
development costs can be cut significantly.  The American Petroleum Institute (API) sets 
drillpipe specifications.  The API specifications can be found in Berger and Anderson’s book 
Modern Petroleum,27 and on the TPS website28.  Figure 2-2 shows a top down view and a side 
cutaway of the proposed borehole design.  Figure 2-3 shows a side cutaway of a single canister 
containing a PWR assembly.  The canisters are connected with external buttress thread 






Conductor Casing OD: 508mm.
Surface Casing OD: 473mm.
Final Casing OD: 406mm.
Waste String OD: 340mm.











Figure 2-2.  High Level Waste Borehole 
39 
 
Figure 2-3.  Individual Canister 
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Prior analysis by Woodward-Clyde Consultants5, Kuo6, and Anderson7 has been for a 
one kilometer emplacement zone in a four kilometer deep hole.  The average depth of the 
upper surface of granite lithostructures is at about two kilometers.  Based on the assumption 
that the granite formation begins at a depth of two kilometers, and the bottom kilometer of the 
hole is filled with waste, there is one kilometer of granite above the waste in which to employ 
plugging materials.  However, this thesis assumes that a suitable granite formation can be 
found within one kilometer of the surface, allowing for a two kilometer emplacement zone in a 
four kilometer deep hole.  The change in size of the emplacement zone does not require any re-
calculation of previous work, since previous calculations modeled the borehole as an infinite 
line source. 
2.2.4 Required Diameter 
The design starts with the requirement to place inside the canister a 17 X 17 pin PWR 
fuel assembly, 214mm in width and 4058mm long.  The diagonal width of the PWR fuel 
assembly is 303mm.  The smallest standard casing capable of encasing this PWR fuel assembly 
has an outer diameter of 340mm and an inner diameter of 318mm.  This casing can hold almost 
every type of fuel assembly listed in Nuclear Engineering International, September 2005.29  
The exceptions are the Westinghouse Sweden & European Fuel Group Performance+ 18x18 
assembly, which has a width of 229.6mm.  Custom casings could be easily manufactured for 
these assemblies.  A custom casing could also be manufactured to hold 3 BWR assemblies 
without changing any other casing sizes.   
42 
2.2.5 Canister Height 
In Figure 2-3, a five meter canister is shown with a PWR assembly inside.  Standard 
casing is normally 10m long, so 5m sections could easily be made by cutting standard casing in 
half.  The floor of the canister is slightly raised to prevent corrosion of the floor if the canisters 
become partially or fully submerged in water while awaiting emplacement.  The top of the 
canister is cambered to cause any dripping water to roll off, thus reducing corrosion.  By 
sealing each assembly separately, the release rate of radioactive nuclides due to canister failure 
will be spread out.   
2.2.6 Borehole Casing 
Working outward, and leaving room for coupling, the “final” casing, which also acts as 
a liner string, has an outer diameter of 406mm.  For improved heat transfer from the canister to 
the rock wall of the hole by radiation and convection, circular openings can be drilled in the 
final casing.  However, calculations presented later in the thesis show that this step is not 
necessary for disposal of single intact PWR assemblies; however, if the assembly is 
disassembled, the fuel pins could be packed in a tight hexagonal array, increasing the linear 
power of the waste, and thus requiring improved heat transfer.  The small openings shown in 
the drawing are sized to prevent pieces of rock from falling or protruding through the liner and 
damaging the waste canisters, or jamming them in the hole, should retrieval be required.  With 
a 20mm diameter, the openings are only big enough for a small piece of rock to pass through.  
These small pieces of rock would then fall down through the 33mm gap between the canister 
and the liner. 
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The surface casing should meet the same requirements as in oil drilling, for example: 
protection of freshwater sands from contamination.  During drilling operations, carefully 
controlled chemical mixtures, called “mud,” are used to lubricate and flush debris out of the 
hole.  However, after the waste has been placed in the hole and the hole is ready to be 
permanently closed, the surface casing and conductor casing could be removed and recycled.  
The upper part of the waste string, which does not contain any waste, can also be reused. 
Conductor casing normally extends only about 10 to 20 meters into the ground.  The 
conductor casing shown in the diagram has an outer diameter of 508 mm and leaves little space 
for coupling, requiring “extreme-line” coupling.  However, a larger conductor casing could be 
used as shown in the Battelle report5. 
2.2.7 Tensile and Compressive Stress 
Weight and stress calculations were performed using MathCad to determine the tensile 
stress on the waste string as it is lowered into the hole.  Sample calculations discussed in 
Chapter 3 are shown in Appendix B.  Based on these calculations, T95 or C95 steel is required 
to support a two kilometer emplacement zone in a four kilometer deep hole; however, a one 
kilometer emplacement zone could be deployed using H40 steel.  The two kilometer 
emplacement zone would also require buttress thread coupling, as shown in Figure 2-4. 
2.3 Summary 
Table 2-1 lists the specifications required for each layer of casing in the borehole.  In 
the case of the waste string, the thickness listed is not the minimum standard thickness 
available, but results from the stress calculations discussed in Chapter 3.  The types of steel and 
associated thread options listed for the waste string are those available for the thickness listed. 
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Table 2-1 Casing Parameters For A 2km Emplacement Zone27 
 Conductor Casing: Surface Casing: Final Casing: Waste String: 
OD (mm) 508.00 473.10 406.40 339.70 
ID (mm) 485.74 451.00 387.36 315.32 
t (mm) 11.13 11.05 9.52 12.19 
NW (kg/m) 139.89 130.21 96.73 101.20 
Steel H40 J55, K55 H40 J55, K55 H40 J55- P110 
Threads P,S,L P,S,L,B P,S P,S,B P,S P,S,B 
Bit size (mm)   508.00 444.50 
OD = Outer Diameter, ID = Inner Diameter, t = thickness, NW = Nominal Weight. 
Thread options: P = plain, S = short round, L = long round, B = buttress. 
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3 STRESS ANALYSIS 
3.1 Introduction 
As the waste string, containing tons of waste material, is lowered into the borehole the 
tensile stress on the pipe at the surface increases.  The waste string casing and the couplings 
must be able to hold this weight.  There are a few controllable variables which will determine 
how the stress is handled.  Obviously, less waste can be placed in a string by simply limiting 
the length of the emplacement zone.  Another option for reducing stress is to use supports to 
transfer some of the weight to the liner.  Also, boreholes can be drilled horizontally, in which 
case the length of the emplacement zone is limited only by the size of the rock formation and 
the drilling capability.  Different grades of steel can be used to accommodate more stress.  
And, different size casing (diameter or thickness) can be used.  
Sample calculations were performed as shown in Appendix B.  The sample calculations 
assume a two kilometer emplacement zone at the bottom of a four kilometer deep hole, and 
determine the required grade of steel and casing thickness. 
3.2 Tensile Stress 
In the calculation of tensile stress at the top of the waste string as it is being lowered 
into the hole, there are three categories of mass to take into account: 1) waste string casing, 2) 
waste, and 3) packing material.  Once the mass of the waste string is determined, it is divided 
by the cross sectional area of the casing, and the stress is compared to the maximum tensile 
stress ratings for casing steel.  The American Petroleum Institute (API) sets tensile strength 
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limits for the available grades of steel at 80% of the average test strength.  Some applicable 
API steel specifications are listed in Table 3-1. 
Table 3-1 API Steel Specifications30 








  N/mm2 N/mm2 C Si Mn P S Other 
H40  276 414       
J55 Normalized 380  520    0.03 0.03  
K55 Normalized 380 655    0.03 0.03  
N80 Heat treated, 
full length after 
upsetting 
550 690    0.03 0.03  
L80 550 655 0.43  0.45 1.9 0.03 0.03 Ni  0.25 
Cu 0.35 
C90 620 690 0.35  1.0 0.02 0.01 Mo 0.75 
Ni 0.99 
Cr 1.2 




760 860    0.03 0.03  
Emissivity of steel with a rough oxide layer31: 0.8 
 
3.2.1 Waste String Casing Mass 
Identifying the optimum casing for the waste string is an iterative process.  The most 
cost effective solution to the problem would be casing with the minimum standard inner 
diameter (a PWR assembly with a width of 214mm has a diagonal dimension of 303mm), 
minimum thickness, and cheapest grade of steel, so these assumptions were used as the starting 
point for the calculations.  However, a four kilometer deep hole, with a two kilometer 
emplacement zone, requires a higher grade steel than H40.  The standard thickness for the 
higher grade casing is thicker than the minimum standard casing available.  The thicker casing, 
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increases the mass of the waste string casing, but also increases the cross sectional area which 
reduces the stress.   
The weight of the waste string is calculated from the nominal weight listed in Table 
2-1.  The sample calculations shown in Appendix B use the same nominal weight for the entire 
waste string; however, thinner and lower grade steel could be used for lower parts of the waste 
string if it can withstand the compressive stress after the waste string is released at the surface.  
The mass of the waste string calculated for the reference design is just under 405 MT. 
3.2.2 Mass of the Waste 
 Table 3-2 lists representative values for the waste, using a PWR fuel assembly for the 
reference case.  This table lists information for the stress calculations as well as for the thermal 
analysis.  Those numbers pertaining to the thermal analysis will be discussed in Chapter 4.  At 
700 kg, the mass of a fuel assembly listed here is one of the higher masses found in the 
literature, but is not the highest.  In any given waste string, some assemblies will be heavier 
than others, so by using a high value for the mass of a single assembly, the total mass of the 
waste will be conservatively high.  Of course, in an actual repository, the mass of each waste 
string and its associated stress will have to be verified in advance of actual operations.  
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Table 3-2 Waste Specifications 
(Assembly data for a typical PWR assembly) 
Length of Emplacement Zone 2 km   
Height of an Assembly33 4058 mm Mass of a Fuel Assembly32 700 kg 
Width of a Fuel Assembly33 214 mm Number of Fuel Pins33 17X17 
Fuel Pin Diameter33 9.5 mm Pitch33 12.6 mm 

















Initial Uranium Enrichment 4% Burn-up 60,000 
MWd/MTU
Effective diameter of homogenized assembly 241.7 mm 
 For the reference case, the total mass of all the assemblies in each borehole was 
calculated to be 280 MT, based on an estimated mass for a spent fuel assembly of 700kg.  This 
is based on placing an assembly at every five meters of the two kilometer emplacement zone, 
for a total of 400 assemblies per hole. 
3.2.3 Mass of the Packing Material 
By filling the canisters with a packing material, the canisters will be more resistant to 
crushing under the enormous lithostatic pressure (over 100 MPa) which could be encountered 
at four kilometers deep in granite.  Therefore, the packing material must have a high 
compressive strength.  It must also exhibit good thermal conductivity, since it will block 
radiative and convective heat transfer between the spent fuel and the canister.  Two good 
candidates for packing material are graphite, silicon carbide, or perhaps boron carbide particle 
beds.  Table 3-3 lists some useful properties of silicon carbide, graphite, and boron carbide.  
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Table 3-3 Packing Material Data 




Density (gm/cc) 1.3 to 1.95 3.1  2.45 to 2.52 
Compressive Strength (MPa) 20 to 200 3900  1400 to 3400 
Thermal Conductivity (W/m*oK) 16036 120  30 to 42 
Coefficient of Thermal Expansion (10-6 oK-1) 1.2 to 8.2 4 5.6 
Specific Heat (J/kg* oK) 710 to 830 750  950 
Thermal Conductivity of #16 Grit (W/m*oK)  0.33  
The reference design uses #16 silicon carbide grit.  The total mass of the reference 
packing material is calculated to be 236 MT.  By decreasing the canister length to fit the fuel 
assembly more closely, and maintaining the number of canisters per hole, the depth of the hole 
could be decreased, thus significantly decreasing the mass of the waste string casing and 
packing material.  This improvement would decrease the total mass of the waste string by 14%. 
3.2.4 Total Mass and Tensile Stress 
The total mass of a reference design waste string is just under 921 MT.  The cross 
section area of the waste string casing is 12,542 mm2, resulting in a tensile stress of 720 MPa.  
As mentioned in Chapter 0, this tensile stress requires the use of T95 or C95 steel.   
3.3 Compressive Stress 
Since the waste string is confined within the borehole, column buckling is unlikely; 
however, localized buckling must be considered.  Roark37 provides Equation 3-1 for localized 










Where: s’ is the critical stress for buckling to occur, E is Young’s modulus (~190,000 MPa for 
steel), ν is the Poisson ratio (0.26 for steel), twws is the thickness of the waste string wall, and 
Rws is the mean radius of the annulus (the average of the inner radius and outer radius).  
Equation 3-1 results in a critical stress of 8.46 GPa.  The actual stress, 721 MPa, is far less than 
the stress required to cause localized buckling.  
3.4 Thermal Stress 
Ranade38 calculated the thermal stress in granite for a peak temperature change of 
61.2oC at the borehole wall to be 4,226 psi.  This thermal stress is considerably less than the 
lithostatic compressive stress at a depth of 4 km, which is about 100 MPa or 15,000 psi.  The 
tolerable limit of thermal stress in granite was found to be 26,200 psi.  It is clear that the 
temperature change caused by the waste will not cause spalling on the borehole wall, unless 
there are pre-existing weaknesses.  It is unlikely that there would be a problem due to small 
pieces of granite breaking off into the hole.  Future work would be required to determine what 
pre-existing weaknesses are likely, and how extensive the weaknesses would need to be to pose 
a problem in the unfractured granite desired for disposal of nuclear waste. 
3.5 Summary 
Calculations in this chapter were performed for a two kilometer emplacement zone in a 
four kilometer deep hole.  The waste string will not fail in tensile or compressive stress.  The 
tensile stress in this case is close to the limits for some of the lower grades of steel.  Maximum 
waste mass was not calculated for the various types of steel, since there are many variables 
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(types of waste, length of emplacement zone, and thickness of the waste string) which may 
vary for each hole, requiring that stress calculations for each hole be verified. 
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4 THERMAL ANALYSIS 
4.1 Introduction 
A common concern regarding any nuclear waste material is: how hot will it be?  Will it 
get hot enough to melt the host rock or perhaps just cause the host rock to crack?  Fortunately, 
as will be shown, the deep borehole is capable of keeping the fuel centerline temperature below 
acceptable limits for storage and transportation of high level waste.  Although the current 
storage and transportation limit, quoted by Manteufel10, is not necessarily the ultimate limit for 
permanent disposal, it is a reasonable and achievable goal. 
The first step in the thermal analysis is to homogenize the fuel assembly and packing 
material as a cylinder so that the temperature change calculations can be done in cylindrical 
coordinates.  The temperature calculations are then performed from the rock surface to the 
centerline, staring with a maximum wall temperature based on the ambient temperature of the 
rock and the peak rise in temperature caused by the fuel. 
4.2 Fuel Assembly Homogenization 
The fuel assembly homogenization is performed using Selengut’s Relation39 shown in 
Equation 4-1: 
khom
1 n v⋅+( ) k0⋅ n 1 v−( ) k1⋅+




where: khom is the homogenized conductivity, n represents the number of dimensions (0 for one 
dimensional problems, 1 for two dimensional problems such as this one, 2 for three 
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dimensional problems), v is the volume fraction calculated using 4-2, k1 is the thermal 




4 p2⋅  
4-2 
where: d is the diameter of the fuel pin, and p is the pitch between fuel pins (distance from the 
center of one fuel pin to another). 
 In order to use Selengut’s Relation, the effective thermal conductivity of a fuel pin must 
be calculated.  Todreas and Kazimi33 provide the following heat transfer equation for a 

















Where: ΔT is the temperature difference between the centerline of the fuel pin and the outer 
surface of the fuel pin, q’ is the linear heat rate of the fuel pin, kf is thermal conductivity of the  
fuel, Rg is the radius to the center of the gap between the fuel and the cladding, hg is the 
conduction coefficient for the gas in the gap, kc is the thermal conductivity of the cladding, Rco 
is the radius to the outer surface of the cladding, and Rci is the radius to the inner surface of the 
cladding. 
 An effective thermal conductivity, keff, can be found by setting the thermal resistance 
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Solving for keff results in the following formula: 
keff
kUO2 Rg1⋅ hg1⋅ kclad⋅








where: for syntax purposes in Mathcad, kf has been replaced with kUO2, Rg has been replaced 
with Rg1, hg has been replaced with hg1, and kc has been replaced with kclad.  
 An equivalent diameter is also calculated such that the circle defined by the equivalent 
diameter has the same area as the cross section of the fuel assembly.  The space between the 
equivalent diameter of the fuel assembly and the inner diameter of the waste canister is treated 
as an annulus of packing material. 
4.3 Calculation of the Canister Centerline Temperature 
Calculation of the centerline temperature is performed in a series of five steps 
corresponding to the different physical layers of the borehole and canister: 1) the gap between 
the granite and the liner, 2) the liner, 3) the gap between the liner and the canister, 4) the 
canister wall, 4) the packing material, and 5) the homogenized fuel assembly. 
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4.3.1 Heat Transfer Between the Liner and Granite 
In the following calculations the subscript 1 is used to indicate values for the first gap.  
There is a second gap between the liner and the canister. 
The temperature at the outer surface of the liner is calculated using Equation 4-6; 












Where: T1new is the liner outer surface temperature, q’ is the linear heat rate produced by the 
waste, ODf is the outer diameter of the fuel, δ1 is the gap thickness (distance between the liner 
and the granite), and kg1 is the combined thermal conductivity due to conduction, convection, 
and radiation across the gap. 
kg1 keq1 krad1+  
4-7 
Where: keq1 is the combined thermal conductivity due to conduction and convection, and krad1 
is the thermal conductivity due to radiation.  Both keq1 and krad1 depend on T1. 
4.3.1.1 Maximum Granite Temperature 
Although the vertical temperature gradient in granite is likely to be 20oC/km, the 
granite temperature is conservatively approximated using a temperature gradient of 40oC/km, 
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and the ~60oC peak radial temperature change at the borehole wall, as calculated by Ranade38.  
All assumptions made by Ranade are consistent with this thesis.  The resulting estimated 
maximum wall temperature is 240oC and occurs about three years after emplacement.  This 
estimated maximum wall temperature is used for the reference case calculations.  A sensitivity 
analysis to the wall temperature is performed in Section 4.4. 
4.3.1.2 Convection and Conduction 
A very general correlation for the combined effect of convection and conduction in air 
is found in Fundamentals of Heat Transfer by M. Mikheyev40.  Data shows that the correlation 
works well for varying geometries.   
keq1 kair 0.18⋅ Ra0.25⋅  (Ra > 103) 
4-8  
Where: k is thermal conductivity, and Ra is the Rayleigh number.  The Rayleigh number is the 
product of the Grashof number and Prandtl number.  The Grashof number is: 
Gr






Where: g is the acceleration of gravity, T1 is the temperature at the outer surface of the liner, 
Trock is the rock temperature, δ1 is the gap thickness (distance between the liner and the rock), 
Tavg is the average of T1 and Trock, and ν is the kinematic viscosity.  Kinematic viscosity is: 
ν μρ  
4-10 
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Where: μ is the dynamic viscosity, and ρ is density calculated using the ideal gas law at one 
atmosphere.  Using a pressure of one atmosphere is a safe approximation, since thermal 
convection increases with density.  The dynamic viscosity is found using an empirical formula: 
the Sutherland Equation41.  The coefficients in Equation 4-11 have been calculated for air, 
based on measured values. 
μ







Where: Tavg is the same as in 4-9, and K is oK. 





Where: Cp is the constant pressure specific heat, ν is the kinematic viscosity, ρ is density, and 
kair is the thermal conductivity of air. 
The specific heat of air is found using a quadratic equation as an approximation based 















kg K⋅  
4-13 
Combining Equations 4-8 through 4-12 results in the following equation for the 


















The thermal conductivity due to conduction and convection, keq1, can now be used in Equation 
4-7, but the thermal conductivity due to radiation, krad1, is still required. 
4.3.1.3 Thermal Radiation 
The following equation for gap conductance due to radiation and conduction between 



















 Where: k is thermal conductivity due to conduction, δ is the thickness of the gap, σ is the 
Stephan-Boltzmann constant (5.67 X 10-12 W/cm2*oK), ε is emissivity, and T is temperature.  
Since, the conductivity has already been accounted for in 4-8, the k/δ term must be removed.  
Also, accounting for the annular shape according to Eqn. 12-53 in of the text Basic Heat 
























Where: ε1 is the emissivity of the liner outer surface, ε2 is the emissivity of granite, and all 
other variables are as previously defined. 
 To convert the conductance, hrad1, to conductivity, krad1, the following equation is used, 












Where all the variables are as previously defined.  The thermal conductivity due to radiation, 
krad1, can be used in Equation 4-7, and T1new can be calculated using Equation 4-6.  If T1new 
differed from T1 by more than 0.1oK, T1 was adjusted, and the calculations were repeated until 
T1new and T1 were within 0.1oK of each other. 
4.3.2 Heat Transfer Through the Liner 
Thermal conductivity through the steel liner (or final casing) is dominated by 












Where: TID.f is the temperature at the inner diameter of the final casing, TOD.f is the temperature 
at the outer diameter of the final casing (equal to T1 from above), ODf is the outer diameter of 
the final casing, IDf is the inner diameter of the final casing, q’ is the linear heat rate of the 
waste, and ksteel is the thermal conductivity of steel. 
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4.3.3 Heat Transfer Between the Liner and Canister 
The calculation of heat transfer across the second gap, between the liner and canister, is 
performed using the same equations as those used for the first gap (except that all subscript 1’s 
are changed to subscript 2’s). 
4.3.4 Heat Transfer Through the Canister 
The calculation of heat transfer through the canister (or waste string) is performed using 
the same equations as those used for liner (except that subscript f is changed to subscript ws). 
4.3.5 Heat Transfer Through the Packing Material and Waste 
The waste and packing material are treated in a manner similar to that used by 
Manteufel and Todreas10.  The contents of the canister are divided into two sections: the 
Interior and the Edge regions.  The Interior region consists of the homogenized fuel assembly 
in a silicon carbide particle bed.  The Edge region consists only of the silicon carbide particle 
bed.  These regions are separated by an imaginary line at the effective diameter of the 
homogenized cylindrical Interior region, as calculated in the homogenization section. 
The equation used for the Edge region is similar to that used for the liner and canister, 














Where: Te is the temperature at the effective diameter of the Interior region, dint is the effective 
diameter of the Interior region, kSiC.bed is the thermal conductivity of the silicon carbide particle 
bed, and all other variables are as previously defined. 
 Finally, the homogenized Interior region is also dominated by conduction, but has a 







Where: khom is the homogenized thermal conductivity calculated using Equation 4-1, and all 
other variables are as previously defined. 
 Figure 4-1 is a flow diagram for the calculation of the centerline temperature, TCL, 
using the equations and process described in Sections 4.2 and 4.3. 
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Figure 4-1 Flow Diagram for Calculation of the Canister Centerline Temperature, TCL 
4.3.6 Temperature Profile Inside the Borehole 
Figure 4-2 shows a cross section of the borehole in the emplacement zone.  The square 
in the middle represents a PWR assembly, and the dashed circle represents the equivalent 
diameter for the homogenized interior region.  Below the cross section of the borehole  is the 
expected temperature profile for the reference case.  ΔT1 is the temperature difference between 
the borehole wall and the liner.  ΔT2 is the temperature difference between the borehole wall 
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and the canister wall.  ΔThole is the temperature difference between the borehole wall and the 
canister centerline.  Since the temperature change through the liner and the change through the 
canister wall are so small, those temperature changes are not specified in Figure 4-2; however 
they are listed in Appendix C. 
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Figure 4-2 Expected Temperature Profile Inside the Borehole, using the homogenized interior 
approximation for #16 SiC grit 
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4.4 Parametric Study of Temperatures in the Borehole System 
The Mathcad code was run for an array of 110 combinations of ambient granite 
temperature and linear power.  Microsoft Excel was used to calculate trendline formulas for the 
two variables (ambient granite temperature and linear power of the waste).  Using the 
trendlines, a correlation was derived to approximate the center line temperature of the waste 
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4-21 
Where: Tamb is the ambient granite temperature prior to waste emplacement in oC, q’ is the 
linear power of the waste in W/m, and kgranite is the thermal conductivity of granite in W/moC.  




4 π⋅ kgranite⋅  
4-22 
was developed by Kuo6 to estimate the temperature change at the borehole wall, where G can 
be set as a constant, and kgranite is the thermal conductivity of granite.  Kuo conservatively 
estimated the value of G to be 7.  Ranade38 did some parametric analyses and found that a 
value of 6 is more appropriate for G, so this value was used for these calculations. 
 Equation 4-21 is plotted in Figure 4-3 which shows the results are nearly linear; 
however, Equation 4-21 produces results within two degrees Celsius of the temperatures 
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calculated using the iterative Mathcad script, while linear equations deviate by more than ten 






























Figure 4-3 Center Line Temperature, TCL, as a function of linear power, q', and ambient granite 
temperature, Tamb 
The temperature difference from ambient granite temperature to peak centerline 
temperature can be broken up into the peak temperature rise in the granite at the borehole wall, 
and the temperature difference from the borehole wall to the center of the canister.  The peak 
temperature rise in the granite at the borehole wall is described above in Equation 4-22.  The 
third and fourth term in Equation 4-21 estimate the temperature difference from the borehole 
wall to the center of the canister (ΔThole), where temperatures are in oC, and q’ is in W/m. 
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4-23 
Equation 4-23 is graphed in Figure 4-4.  The curvature due to linear power, and the difference 

























Figure 4-4 Borehole Temperature Difference between Center Line, TCL, and Borehole Wall, Trock as a 
function of linear power, q', and ambient granite temperature, Tamb 
Sensitivity analysis was also performed for the conductivity of the packing material, 
gap width between the casing and the borehole wall, emissivity of the borehole wall, and 
emissivity of the casings.  The most significant improvement can be made by improving the 
conductivity of the packing material.  As shown in Figure 4-5, the centerline temperature can 
be decreased by about 80oC by replacing the packing material with an Al-Mg alloy.  According 
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to Hanson, Elliot, and Shunk44, an aluminum-magnesium alloy with 35 weight percent 
magnesium has a melting temperature of 450oC; or with 67.7 weight percent magnesium, a 
melting temperature of 437oC.  Thus the alloy can be poured into the canisters in molten form 
and allowed to solidify.  From the Handbook of Binary Metallic Systems: Structure and 
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Figure 4-5 Effect of Packing Material Conductivity on Centerline Temperature, TCL, and the "Delta T" of 
the Canister, ΔTcan 
The other sensitivity analysis graphs can be found in Appendix C.  The thickness of 
each air gap only affects the temperature difference by a couple of degrees, but it is interesting 
to note the coincidence that the drill bit commonly used for the liner casing creates an air gap 
width near the peak of the ΔT curve.  By improving the borehole wall emissivity the centerline 
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temperature can only be decreased by about three degrees Celsius.  For the casing emissivity, 
the reference case assumes rough oxidized steel with an emissivity of 0.8, so there is not much 
room for improvement.  However, if the steel is not oxidized the centerline temperature would 
be 15 to 20oC higher. 
The linear power of the waste, q’, obviously has the greatest effect on temperature.  The 
linear heat rate depends primarily on cooling time.  Based on a curve fit to Figure 2-1, an 
approximation of linear power as a function of cooling time, for 60 GWd/MTU burnup fuel is: 






Where tc is the cooling time in years.  Thus, the half-life of the linear power is about 15 years, 
and the centerline temperature would be reduced by about 75oC from the reference case after 
one half-life.   
4.5 Summary 
There are many variables affecting the centerline temperature of the borehole system: 
the various material properties, geometry of the waste, cooling time prior to emplacement, 
linear power of the waste, and ambient rock temperature.  Calculating the centerline 
temperature from all these variables is an iterative process, due to the radiation equation 
(Equation 4-15); however, for a chosen design, the centerline temperature can be closely 
approximated with a single equation (in the form of Equation 4-21) requiring only two input 
variables: 1) ambient rock temperature prior to emplacement and 2) the linear power of the 
waste at the time of emplacement. 
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For the borehole system described in this thesis, at an ambient granite temperature of 
180oC (based on a high vertical thermal gradient of 40oC/km), high burnup (60 GWd/MTU) 
PWR assemblies with a linear power of 300 W/m (less than ten years cooling) will not exceed 





For the deep borehole concept for permanent disposal of nuclear waste to be an 
acceptable solution, it should be economically competitive with shallower mined repositories 
such as Yucca Mountain.  Woodward-Clyde Consultants5 performed a thorough cost analysis 
of the deep borehole drilling for nuclear waste disposal in the early 1980’s.  This chapter will 
convert costs based on the Woodward-Clyde analysis to year 2000 dollars.  These costs will 
also be compared to the latest depth-dependent drilling cost index developed by Augustine and 
Tester.46   
The Nuclear Waste Policy Act of 1982 established a financing mechanism for disposal 
of nuclear waste in which utility companies pay 1 mill (0.1 cent) per kilowatt hour of nuclear 
electricity into the Nuclear Waste Fund.  The Nuclear Waste Fund currently contains just over 
14 billion dollars, and increases by about 750 million dollars each year.47  According to the 
calculations conducted by the DOE in 2001 of detailed nuclear waste fund cash flows for 
reference cost estimate using a current forecasted 10-year real treasury note economic 
assumption, the value of the Nuclear Waste Fund in year 2000 dollars will be about $45.6 
billion by 2042.48  The DOE’s assessment concludes that the Nuclear Waste Fund Fee will be 
adequate. 
Another thesis worth noting is Siegel’s work from 1989 titled: “Economic 
Ramifications of a Delay in the National High Level Waste Repository Program.”  In addition 
to making an argument that solving the nuclear waste problem should not be delayed, he also 
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estimated overall waste disposal system costs.  His estimate is about 23 billion 1989 dollars, 
but he notes that he could not accurately predict development and engineering costs. 
5.2 Daily Rig Costs 
Table D-1 in the Woodward-Clyde analysis lists basic rig cost, fully equipped rig cost, 
and an overhead factor depending on hole depth and bottom hole diameter.  At a depth of 
15000 feet (4.57 km) the following costs are listed in mid 1980 dollars: 
Bottom Diameter Basic Rig Cost Fully Equipped Rig Cost Overhead Factor 
17½”  $11,000 / day $25,000 / day 0.20 
26” $12,000 / day $28,000 / day 0.20 
Table 5-1 Applicable Rig Costs and Overhead Factors 
 Interpolating between these points for a 20” bottom diameter hole results in the following 
numbers: $11,300 per day for basic rig cost and $25,900 for the fully equipped rig cost.  
Assuming a fully equipped rig is required, and applying the overhead factor, the daily rig cost 
is $31,080/day. 
5.3 Total Drilling Operation Cost for a Single Hole 
 Table D-2 of the Woodward-Clyde analysis lists approximate drilling rates for various 
bit diameters.  Iterating between points in this table gives a drilling rate of 78ft/day for the 
emplacement zone, 72ft/day for the surface casing, and 63ft/day for the conductor casing.  
Table D-3 of the Woodward-Clyde analysis lists cost per foot and cementing time based on 
casing diameter.  Numbers from the Woodward-Clyde tables are used in a cost analog in Table 
5-2.  A 25% verticality premium is recommended for holes deeper than four kilometers, so it 
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may not be necessary but is included to be conservative.  Mud cost is expected to be 15% of 
the daily costs for the rig.  Mobilization and demobilization costs are expected to be $300,000. 











Casing and Cementing 
Days 
36 (914.4) 20 (508.0) 65 (0.020) 63 2 5 
26 (660.4) 18 5/8 (473.1)  3,300 (1) 72 45 4 
20 (508.0) 16 (406.4) 13,124 (4) 78 126 14 
Sub-Totals: 173 23 
25% 2-degree verticality premium: 44  
Total rig days:  240 
Rig cost: $31,080 / day $7,459,000 
Mud cost (15% of daily cost): $1,119,000 
Casing and cement: 
 Casing Diameter Depth Cost / ft  
 20 (508.0) 65 (0.020) $200 $13,000 
 18 5/8 (473.1)  3,300 (1.0) $200 $660,000 
Mobilization and demobilization: $300,000 
TOTAL DRILLING OPERATION COST: $9,551,000 
5.4 Estimation of Current Costs for Drilling 
The Woodward-Clyde report lists costs in “mid-1980’s” dollars; however, the MITDD 
(Massachusetts Institute of Technology Depth Dependent) Drilling Cost Index shows a steep 
decline in the cost of drilling in the mid 1980’s.  Since the Woodward-Clyde analysis was 
published in December of 1983, it will be assumed that the associated index value is the 1983 
MITDD Drilling Cost Index value (203.6 for a four kilometer deep hole).  Since the year 2000, 
the MITDD Drilling Cost Index has been rapidly increasing.  Coincidentally, the index was 
approximately the same in 2000 as in 1983.  When adjusted for inflation, as shown in 
Augustine’s Figure 9, the index for a four kilometer (13,123 ft.) deep hole is 10 to 20 percent 
lower in 2000, and the following years, than it was in 1983. 
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Technology advances and the price of oil have had more of an effect on increasing 
costs than inflation.  Augustine’s Figure 6 shows the drilling cost index is closely tied to the 
cost of crude oil and natural gas.  For these reasons, $10,000,000 is still a conservatively high 
estimate of the cost of drilling a borehole for disposal of nuclear waste.  Comparable holes 
have recently been drilled for about half this cost.  At Soultz, France, the GPK-3 geothermal 
well cost 6.571 million 2003 dollars, and the GPK-4 well cost 5.14 million 2004 dollars46.  
Both GPK holes reached a depth of five kilometers, and no significant costs were incurred due 
to trouble. 
The DOE report, Analysis of the Total System Life Cycle Cost of the Civilian 
Radioactive Waste Management Program49, suggests a need to dispose of 83,800 MTHM of 
commercial spent nuclear fuel, about 2,500 MTHM of DOE spent nuclear fuel, and 22,147 
canisters of HLW of unspecified size and weight, by the year 2040, according to current 
licenses for nuclear power plants.  If each borehole can hold 200 MTHM, 500 boreholes would 
be required to dispose of 100,000 MTHM.  If each borehole costs ten million dollars to drill, 
the total drilling cost would be five billion dollars, or one third of the current Nuclear Waste 
Fund.  From another perspective, the drilling operation costs account for $50 per kilogram, 
which is only one eighth of the approximately $400 per kilogram available based on the 1 
mill/kW*hr waste fee. 
5.5 Comparison to Yucca Mountain Costs 
Yucca Mountain is in its final stages of approval at a cost of nearly six billion dollars to 
date.  It is likely that the approval process for a borehole repository system will incur equal 
costs.  Waste Acceptance, Storage and Transportation, Nevada Transportation, Program 
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Integration, and Institutional costs add up to about 15 billion dollars.  The projected cost to 
complete the monitored geologic repository at Yucca Mountain is another 36 billion dollars.  
The monitored geologic repository costs are further broken down in Table 5-3. 
 
Table 5-3 Monitored Geologic Repository Costs by Phase (in Millions of 2000$) 
For a borehole repository system, the drilling costs would replace the Pre-Emplacement 
Construction costs.  For the same cost, only 445 boreholes may be affordable, which would 
still be capable of holding 89,000 MTHM (19,000 MTHM more than Yucca Mountain is 
planned to hold).  However, if the cost of drilling is as low as the Soultz wells indicate, the 
drilling cost may be cut in half. 
5.6 Summary 
The construction cost of a deep borehole repository system is competitive with the 
construction cost of Yucca Mountain.  However; the bulk of the costs are from other 
requirements which would most likely be the same for a deep borehole repository.  So, overall 
the deep borehole concept is competitive with Yucca Mountain, but the current predictions for 
the Nuclear Waste Fund can only afford one or the other.  If Yucca Mountain is not approved,  
or if another 80,000 MTHM or more is expected to be generated, the deep borehole repository 
system should be considered.  If Yucca Mountain is approved and the nuclear power industry 
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does not continue to produce more waste than it is currently licensed for, the deep borehole 
repository system should still be considered, but the 1 mill per kilowatt hour of nuclear 
electricity may have to be increased.  However, the marginal cost of expanding an already 
existing Yucca Mountain repository should be considerably less expensive than starting from 
inception.  Fortunately, Sweden’s Aspo Hard Rock Laboratory is already conducting 
experiments at a depth of nearly half a kilometer in granite, as explained in the article: Final 
Resting Place.22 
A more detailed analysis of costs is clearly needed in future work.  Even more 
important than the analysis of the cost of drilling, is the analysis of all the other costs 
associated with starting a repository.  What lessons from Yucca Mountain can be used without 
incurring billions of dollars of time and research?  What new costs will be incurred?  For 
example: deep boreholes have the advantage of being modular, and need only be constructed as 
needed, without the large up-front costs of boring tunnels for a mined repository.  The single 
largest cost at Yucca Mountain is expected to be emplacement operations.  Woodward-Clyde 
suggest that their waste emplacement and borehole plugging will cost a mere million dollars 
per hole, totaling half a billion dollars for a 500 hole repository, creating a savings of up to 23 
billion dollars.  On the other hand, the site selection process and licensing may be more 




Thanks to continuous improvements in drilling capability, the very deep borehole 
concept is a highly competitive option for disposal of spent fuel and other high level waste.  
Holes can be drilled into granite to the depths proposed in this thesis and previous papers.  
Standard drill casings can be used in the boreholes, and for the construction of the waste 
canisters.  Even with less than ten years cooling, the waste will not reach unreasonable 
temperatures.  Granite shows via natural analogs its capability to prevent the migration of 
metallic ions, even over millions of years.  And there are promising options for plugging the 
boreholes.  The conclusions of this thesis are supportive of the very deep borehole concept, but 
there are still many questions to be answered. 
6.1 Thesis Summary 
The problem of disposing of nuclear waste is not simple.  Approving and building a 
repository is challenging both politically and scientifically.  The permanent repository must 
prevent hazardous levels of radiation from reaching the biosphere for up to a million years.  At 
the time of emplacement the waste is so hazardous that it must be handled remotely.  The 
waste must be transported in casks capable of surviving catastrophic highway and rail 
accidents.  Special drilling derricks must be constructed to allow positioning of the waste, and 
remote handling.  After emplacement the environment surrounding the waste may change over 
the required decay time.  An originally dry hole may partially or completely flood.  Despite the 
technically complex process of emplacing the waste and the possibility of a changing 
environment, the best quality of the very deep borehole concept is that it relies on the proven 
capability of the host granite to maintain stability and prevent migration of nuclides for over a 
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million years.  And, should retrieval be necessary, it is possible, yet difficult enough to make it 
unlikely that the waste will fall into the hands of those who would use it against society. 
6.1.1 Canister Reference Design 
The reference design analyzed contains a PWR assembly inside a waste string canister 
and final casing liner as listed in Table 6-1 Casing Parameters For A 2km Emplacement Zone.  
Each canister is five meters tall.  The space between the borehole wall and the liner, and the 
space between the liner and the canister is filled with air.  Thermal calculations were also 
performed for these spaces filled with water.  Each borehole is four kilometers deep with a two 
kilometer emplacement zone. 
Table 6-1 Casing Parameters For A 2km Emplacement Zone27 
 Final Casing: Waste String: 
Outer Diameter, OD (mm) 406.40 339.70 
Inner Diameter, ID (mm) 387.36 315.32 
Thickness, t (mm) 9.52 12.19 
Nominal weight, NW (kg/m) 96.73 101.20 
Steel H40 T95 
Threads Short round Buttress 
Bit size (mm) 508.00 444.50 
Table 6-2 gives the properties of the steel selected for the canisters and liner. 
Table 6-2 API Steel Specifications30 








  N/mm2 N/mm2 C Si Mn P S Other 
H40  276 414       
T95 Quenched and 
Tempered 
655 725 0.45 0.45 1.9 0.03 0.03  
Emissivity of steel with a rough oxide layer31: 0.8 
The reference waste form is a Westinghouse 17X17 pin PWR fuel assembly with a 
conservatively high linear power of 300 W/m.  Table 3-2 lists other details about the waste. 
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6.1.2 Stress Analysis 
Some key details for the stress analysis are listed in Table 6-3.  The table contains a 
breakdown of the three weight categories in the waste string. 
Table 6-3 Summary of Data for Stress Calculations 
 Mass (MT)    
Casing 405  Cross sectional area of casing: 12,542 mm2 
Waste 280  400 PWR assemblies (details in Table 3-2)  
Packing 236  #16 SiC grit density: 2.015 gm/cm3 
TOTAL  921  Tensile Stress at the surface: 720 MPa 
Compressive stress at the bottom of the hole after the waste string is released is the same as the 
tensile stress at the surface prior to releasing the waste string.  General buckling is not expected 
since the casing is confined within the borehole.  The limit for localized buckling is 8.46GPa; 
therefore, buckling is not expected.  Thermal stress in the rock is also not expected to cause 
any problems due to spalling. 
6.1.3 Thermal Analysis 
Figure 4-3 is repeated here as Figure 6-1 since it best summarizes the results of the 
thermal analysis.  From Manteufel’s paper10, 388oC is assumed to be the limit for the centerline 
temperature of the canister.  It is also important to note that the conductivity of the packing 































Figure 6-1 Center Line Temperature, TCL, as a function of linear power, q', and ambient granite 
temperature, Tamb 
6.1.4 Economic Analysis 
On average, each borehole is expected to cost less than ten million dollars.  The total 
cost to construct a central repository for 100,000 MTHM at this price is about five billion 
dollars.  Although the construction cost is competitive with the construction cost of Yucca 
Mountain, it is only 10% of the total projected cost of the mined geologic repository at Yucca 
Mountain.  If all costs other than construction are the same, the money expected to accumulate 
in the Nuclear Waste Fund (based on current licenses) will only be enough to build one 
repository or the other.  It is interesting to note that, “The TSLCC analysis [the basis for the fee 
adequacy statement] projects costs through the year 2119 for a surrogate, single potential 
repository, expanded to accommodate all the SNF and HLW projected,”48 despite the 70,000 
MTHM legislative limit for Yucca Mountain.   Although there are difficult decisions facing the 
United States, the very deep borehole concept is a good option for the rest of the world, since 
granite can be found in most areas of the earth’s crust. 
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6.2 Future Work 
6.2.1 Thermal Analysis 
Two things were not accounted for in the thermal analysis conducted in this thesis.  The 
first omission is the role of axial cooling.  The waste is modeled as a line source, which is a 
conservative approximation.  In reality, some heat would travel axially away from each 
borehole.  At first axial cooling would occur in both directions, but due to the vertical thermal 
gradient, most of the cooling would be toward the surface of the earth. 
The second omission was the vertical thermal gradient inside the borehole due to 
convection.  Since the gaps are filled with air, the top end of the borehole may be hotter than 
the bottom end of the borehole.  Luckily, the vertical thermal gradient of the granite is in the 
opposite direction, which should counteract the accumulation of hot air at the upper end of the 
borehole.  Furthermore, as the air gets hotter, the heat flux to the granite increases, further 
reducing the effect of the rising air temperature. 
Experiments should be conducted to verify the accuracy of the thermal analysis 
performed in this thesis, and to assess the importance of the two omissions mentioned above.  
Concurrent with this thesis, Samina Shaikh is performing experiments to measure the 
conductivity of the packing material options, and the gaps between the canister and borehole 
wall. 
More work also needs to be done on determining the allowable maximum and time-
dependent temperature of the spent fuel after emplacement.  This should be planned ahead and 
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calculated for each borehole prior to waste emplacement.  In order to minimize the center line 
temperature throughout the waste string, assemblies with higher linear power should be placed 
at the top of the emplacement zone where the granite is cooler due to the vertical thermal 
gradient. 
A variation of the analysis in this thesis could also be done to explore the option of not 
using any packing material, and increasing the thickness of the canister walls to withstand the 
lithostatic pressure.  Kuo6 states that there should be little change in the centerline temperature, 
since radiative heat transfer with air will make up for the lost conductive heat transfer.  A 
detailed materials cost analysis may also show a benefit of not using packing material. 
6.2.2 Plugging 
After filling a borehole with waste, it will need to be plugged to prevent radionuclides 
from reaching the atmosphere via the borehole.  In May of 1980, a workshop was held in 
Columbus by the OECD Nuclear Energy Agency and the United States Department of Energy.  
These proceedings were published in a book titled Borehole and Shaft Plugging50.  The book 
addressed plugging of mined geologic repositories and boreholes in basalt and rock salt.  
Bentonite, cement based sealants, and grout are all addressed as part of the proposed plugging 
system.  A similar analysis should be performed for plugging boreholes in granite.   
In addition to the analysis, experiments should be conducted similar to those started at 
Sweden’s Aspo Hard Rock Laboratory outside the town of Oskarshamn22.  The current 
experiments use cast iron canisters coated with copper, and the holes are plugged with 
bentonite clay.  If the granite in the Aspo lab is similar to granite in likely locations in the 
United State for deep borehole repositories, the US Department of Energy could use the results 
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from the Aspo experiments, or perhaps use the Aspo lab to conduct their own experiments.  
Otherwise, a new deep rock lab may have to be built in the United States.  Also, the canisters 
proposed in this thesis are not coated with copper, as those proposed by Sweden and Finland, 
since the granite and plug are expected to contain the waste, not the canisters.   
6.2.3 Corrosion of Steel Canisters 
Like Sweden and Finland, Victoria Anderson7 also proposed copper for the canister 
material due to the high corrosion rate that would occur for other candidate metals in the 
expected aqueous environment in granite.  On the scale of a million years, the canisters would 
fail quickly if they do not have a copper coating; however, as mentioned earlier, the canisters 
do not need to last if the granite and plugging perform as the primary barrier to prevent the 
waste and its products from returning to the atmosphere.  Also, the boreholes may be dry (with 
humidity), or partially flooded.  An analysis should be performed to assess what will happen as 
the waste canisters fail in each of these cases.  Does the waste need to be cemented or grouted 
in place to keep it from falling to the bottom of the hole?  Dried up cement or grout may not 
have good enough conductivity to keep the waste at reasonable temperatures. 
6.2.4 Site Selection 
Although the process of finding a new site for a repository is a politically difficult 
process, there is geologic data suggesting there are many good locations to choose from.  
Based on maps in Structural and Tectonic Principles by Peter C. Badgley, published in 1965, 
there is a stable granite shelf that encompasses the state of North Dakota.  In this stable shelf 
the granite was formed about 2.5 billion years ago and there are no fault lines to worry about.  
A more detailed study should be performed to identify other suitable locations for a repository.   
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The political process could also be analyzed, and recommendations made to streamline the site 
selection and approval process. 
6.2.5 Repository Economics 
The chapter on economics in this thesis is very rudimentary, and only addresses details 
of the construction costs.  The largest area of cost for the Yucca Mountain repository is 
expected to be emplacement operations, while the construction is only a tenth of the total cost 
of the repository.  To be highly competitive economically, a repository needs to save money in 
areas other than construction.  A thorough analysis of the Yucca Mountain costs should be 
performed with a critical eye for savings opportunities. 
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7 APPENDICES 
7.1 Appendix A: Reference Fuel Data 
Appendix A contains the latest fuel design data from Nuclear Engineering 
International25, a table of spent fuel discharges and burnup from Nuclear News26, and the input 
file for OrigenArp so that the decay power graph in Section 2.2.1 can be recreated.  However, 
this input file was generated using the “Express Form” in OrigenArp with the input values 


















7.2 Appendix B:  Stress and Thermal Calculations 
This appendix contains the sequential calculations used to calculate the temperatures at 
each radial boundary in the borehole.  The design process is iterative, and uses data from early 
steps throughout the calculations.  Thus, the calculations contained in this thesis cover a wide 
range of topics, but were done on a single template to minimize data entry. 
The first section labeled Deep Borehole HLW Disposal Casing and Canister Size 
Calculations contains the basic inputs of the borehole canister and liner dimensions.  Following 
the size inputs are stress calculations, as discussed in Chapter 3, to ensure the selected size will 
do the job of lowering the waste into the borehole.   
Also included are some calculations for loading calculations for loading the canisters 
with BWR assemblies instead of PWR assemblies.  Since the BWR assemblies are small and 
have a lower linear power, multiple assemblies can be loaded into a single canister.  The stress 
calculations are also carried out for a configuration of four BWR assemblies loaded into a 
specially manufactured canister. 
If windows are cut out of the final casing, it’s cross sectional area would be decreased, 
so stress calculations were also performed to ensure the windows would not weaken the liner 
too much. 
The canister homogenization and heat transfer calculations, as discussed in Chapter 4, 
are performed in the latter part of the appendix.  First the calculations are performed in air, then 
in water. 











































7.3 Appendix C:  Sensitivity Analysis of Thermal Calculations 
Appendix C contains the tables and figures of the sensitivity analysis discussed in 
Section 4.4.  Tamb is the temperature of the granite prior to waste emplacement.  Trock is the 
peak temperature of the borehole wall after emplacement.  ΔT1 is the temperature difference 
between the outer surface of the liner (final casing) and Trock. ΔT1b is the temperature 
difference between the inner surface of the liner and Trock.  ΔT2 is the temperature difference 
between the outer surface of the canister and Trock.  ΔT2b is the temperature difference between 
the inner surface of the canister casing and Trock.  ΔThole is the temperature difference between 
TCL (the centerline temperature), and Trock.  On the second page, kgranite is the thermal 
conductivity of granite.  G is a factor for calculating the peak temperature change in the granite 














































































































































































































The following tables are calculated using the trendline equations derived from the data above. 
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7.4 Appendix D:  Properties of Air42 
Appendix D contains a table of properties of air at temperatures ranging from 0oC to 
500oC.  The properties listed are density, viscosity, kinematic viscosity, constant pressure 
specific heat, constant volume specific heat, and specific heat ratio.  Kinematic viscosity, 
density, and constant pressure specific heat were plotted and a trendline was fit to the data.  A 
trendline was also fit to the data for a limited temperature range of 150oC to 250oC (the 
expected temperature range of the air gaps in the borehole) and a new trendline was fit to the 
limited range of data.  However, only the specific heat trendline equation was used in the 
thermal analysis calculations.  Although the trendline for kinematic viscosity was not used, the 
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